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Abstract: Considering that there are some limitations in analyzing the anti-sliding seismic 
stability of dam-foundation systems with the traditional pseudo-static method and response 
spectrum method, the dynamic strength reduction method was used to study the deep anti-sliding 
stability of a high gravity dam with a complex dam foundation in response to strong 
earthquake-induced ground action. Based on static anti-sliding stability analysis of the dam 
foundation undertaken by decreasing the shear strength parameters of the rock mass in equal 
proportion, the seismic time history analysis was carried out. The proposed instability criterion for 
the dynamic strength reduction method was that the peak values of dynamic displacements and 
plastic strain energy change suddenly with the increase of the strength reduction factor. The 
elasto-plastic behavior of the dam foundation was idealized using the Drucker-Prager yield 
criterion based on the associated flow rule assumption. The result of elasto-plastic time history 
analysis of an overflow dam monolith based on the dynamic strength reduction method was 
compared with that of the dynamic linear elastic analysis, and the reliability of elasto-plastic time 
history analysis was confirmed. The results also show that the safety factors of the dam-foundation 
system in the static and dynamic cases are 3.25 and 3.0, respectively, and that the F2 fault has a 
significant influence on the anti-sliding stability of the high gravity dam. It is also concluded that 
the proposed instability criterion for the dynamic strength reduction method is feasible.    
Key words: dynamic anti-sliding stability; complex dam foundation; dynamic strength reduction 
method; instability criteria; elasto-plastic model; dynamic time history analysis; gravity dam     
 
1 Introduction 
Complex dam foundations, containing various rock formations, faults, and weak 
structural layers in the rock mass of the dam foundation, present a challenge to gravity dam 
design, in which the shallow and deep anti-sliding stability is the main concern. The 
anti-sliding stability is generally expressed through a safety factor calculated by the rigid body 
limit equilibrium method according to Design Specification for Concrete Gravity Dams
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(SETC 2000), which has significant limitations in practical use. At present, various numerical 
methods are commonly used in studying the static anti-sliding stability of complex dam 
foundations, including the strength reduction method (Ge et al. 2003; Cheng et al. 2007; Zhou 
et al. 2008), the overload method (Yu and Ren 2007; Li et al. 2009), and the rigid body-spring 
element method (Zhang et al. 2001). 
As related to the dynamic parameters of materials, seismic input methods, failure criteria, 
and other complex problems, nonlinear dynamic analysis of the complex dam-foundation 
system has been conducted by many scholars. Dai and Li (2007) proposed the strength 
reduction method for dynamic stability analysis of a complex rock slope under seismic loads 
with the FLAC software. Wang et al. (2009) analyzed the dynamic strength reduction stability 
of a plane finite element model of a gravity dam with a two-slip surface using the ADINA 
software. To investigate landslides induced by the Wenchuan earthquake in China, Zheng et al. 
(2009b) and Ye et al. (2010) conducted numerical analyses of seismic slope failure 
mechanisms with the dynamic strength reduction method using the FLAC3D software, in 
which the tensile shear failure was considered. 
In this study, elasto-plastic dynamic analysis of a high roller-compacted concrete (RCC) 
gravity dam with a complex foundation was conducted and the dynamic strength reduction 
method was employed to analyze the anti-sliding stability of the dam foundation under 
dynamic loads. A corresponding dynamic instability criterion was also proposed in this paper. 
2 Calculation methods 
2.1 Incremental dynamic equation 
In dynamic analysis with the nonlinear finite element method, the incremental dynamic 
equilibrium equation at time t is 
t t t t t'  '  '  ' M C KG G G F                       (1) 
where t' G , t' G , t'G , and t'F  represent the acceleration, velocity, displacement, and 
load increments at time t, respectively; is the mass matrix; and  and  are the 
incremental damping and stiffness matrices at time t, respectively. 
M tC tK
The implicit direct integration method of the Hilber-Hughes-Taylor recursive form based 
on the Newmark method was used to solve Eq. (1) in this study. 
2.2 Dynamic strength reduction method 
The strength reduction method is a limit equilibrium analysis method based on the 
definition of the safety factor. It emphasizes the uncertainty and possible weakening effect of 
the material strength. The shear strength parameters of foundation materials, affected by many 
factors, are quite difficult to define accurately, and the actual strength is probably lesser than 
the standard strength that the design requires. In the strength reduction method, the cohesion c
and the angle of internal friction I  of materials are decreased continuously, and expressed as 
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when the structure reaches its limit bearing capacity, where is the strength reduction factor 
of materials at the limit bearing capacity state, which is defined as the safety factor of the 
dam-foundation system.  
K
The procedure of the dynamic strength reduction method is as follows (Dai and Li 
2007): First, the static analysis is carried out by decreasing the shear strength parameters of 
the dam foundation’s rock mass in equal proportion. Then, the seismic time history analysis 
is carried out. When the dam foundation reaches the limit bearing capacity under static loads, 
the dynamic analysis is not processed. Considering the short duration of earthquakes, we 
assumed the dynamic shear strength parameters of the rock mass to be equal to the static 
shear strength parameters in this paper. According to Specifications for Seismic Design of 
Hydraulic Structures (SETC 2001), the dynamic elastic modulus of concrete is 1.3 times the 
static elastic modulus. 
2.3 Instability criteria 
Recently, three major static criteria have been proposed for determining when the 
dam-foundation system reaches an unstable state based on the strength reduction method 
(Zhou et al. 2008; Wang et al. 2009): (1) the calculation non-convergence criterion; (2) the 
displacement mutation criterion; and (3) the plastic yield zone connection criterion, in which 
the dam foundation is considered unstable when the plastic zones are connected. 
Usually, all or some criteria mentioned above are taken as the instability criteria under 
static loads. When the dynamic strength reduction method is used, the dynamic response of 
key parts of the dam changes with the decrease of the shear strength parameters of the material. 
In this paper, the sudden change of the peak values of the dynamic displacements and plastic 
strain energy with the increase of the strength reduction factor is proposed as an instability 
criterion for the dynamic strength reduction method. This dynamic criterion was constructed 
by combining the mutation criterion of dynamic displacements and plastic strain energy and 
the static criteria (1) and (3).  
3 Case study 
The RCC gravity dam, with a maximum height of 200.5 m, is located on the middle 
Beipan River in Guizhou Province in China. The crest length of the dam is 410.0 m, the crest 
width of the non-overflow section is 12.0 m, the platform width of the overflow dam section is 
35.2m, and the largest bottom width of the dam is 159.05m. The dam is divided into 20 dam 
monoliths. Its foundation is situated in the rock layer with complex geological structures. The 
main geological structure comprises limestone or argillaceous limestone of the Yongningzhen 
formations T1yn1-1, T1yn1-2, and T1yn1-3, with T1yn1-1 occupying the most space. Two faults of 
the dam, the F1 and F2 faults, extend through the dam foundation to the two banks, with the 
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F1 fault extending through the upstream foundation and mainly developing in T1yn1-1. The F1 
fault strike is 20° to 30° with the dam axis and tends toward downstream, the inclination is 
about 80°, and the effect width is about 30 m. The F2 fault extends through the foundation, 
about 130 m downstream of the F1 fault, the inclination is about 72°, and the effect width is 
about 10 m. The two faults occur near the critical site of the dam heel and dam toe and 
significantly influence the deformation, stress, and anti-sliding stability of the dam.
3.1 Numerical model  
A three-dimensional finite element numerical model of an overflow dam section (No. 10 
dam monolith with a width of 20.5 m) was established, and the finite element discretization of 
the dam-foundation system is shown in Fig. 1. Various types of the rock mass were considered 
in the finite element model, and the F1 and F2 faults were also considered. The foundation 
meshes were extended a distance of approximately 1.5 times the dam height toward the 
upstream, downstream, and downward directions. In the global coordinate system of the 
model, the y-axis is horizontal along the positive direction from upstream to downstream, the 
z-axis is in the vertical direction, and the x-axis is along the dam axis. The dam foundation was 
discretized into eight-node brick elements with 15024 elements and 17839 nodes. The Gauss 
integration method with 2×2×2 Gauss points was adopted to assemble the stiffness matrix.  
Fig. 1 Finite element model of overflow dam section 
In evaluating the earthquake performance of the dam-foundation system, it is extremely 
important to establish a reasonable earthquake input model. The earthquake input model most 
commonly used at present is the massless foundation model proposed by Clough et al. (1985). 
However, many studies have shown that the influence of an infinite foundation should be 
considered in numerical analysis of elastic wave propagation. So far, the artificial transmitting 
boundary (Liao et al. 1984), Higdon boundary (Higdon 1986), and viscous-spring boundary 
(Lysmer and Kuhlemeyer 1969; Liu et al. 2006; Du et al. 2006) methods have been employed 
to study the energy dissipation effect of an infinite foundation. The boundary methods 
mentioned above and the corresponding earthquake input mechanism were deduced based on 
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the homogenous media and linear elastic wave theory. However, the rock mass examined in 
this study was regarded as non-homogenous media, so there were still some limitations when 
the above methods were applied in the practical projects. We think the fixed boundary 
condition is feasible from an engineering point of view, i.e., the horizontal displacement on the 
lateral boundary is constrained, and all the displacements on the bottom boundary are 
constrained completely. 
3.2 Basic parameters of materials 
The physical-mechanical parameters of concrete and rock masses are shown in Table 1. 
As the mass and stiffness proportional damping was applied in the dam-foundation system, the 
first and second vibration modes were considered. The fundamental frequency and the 
coefficient of the stiffness matrix of the model are 0.4354 Hz and 0.0052, respectively, when 
the damping ratio of concrete is assumed to be 5%. 
Table 1 Physical-mechanical parameters of concrete and rock masses
Material Young’s modulus(GPa) Poisson ratio 
Frictional 
coefficient 
Cohesion 
(MPa) 
Density 
(kg/m3)
Tensile stress 
(MPa) 
CI(C9025) 37.8 0.17 2 450 3.2 
Rĉ(C9025) 37.8 0.17 2 477 2.4 
R (CĊ 9020) 32.4 0.17 2 500 1.7 
R (Cċ 9015) 27.5 0.17 2 539 1.1 
T1f 2-1  7.0 0.31 0.6 0.4 2 700 0.7 
T1f 2-2  3.0 0.33 0.5 0.4 2 700 0.5 
T1f 2-3  8.0 0.28 0.8 0.7 2 700 0.7 
T1yn1-1 12.0 0.26 1.1 1.0 2 685 1.3 
T1yn1-2 12.0 0.26 1.2 1.0 2 685 1.1 
T1yn1-3 12.0 0.25 1.2 1.0 2 685 1.2 
T1yn2  6.0 0.30 0.7 0.6 2 670 0.6 
T1yn3-1  9.0 0.28 1.0 0.9 2 670 0.8 
F1and F2 faults  2.0 0.35 0.6 0.5 2 700 
3.3 Load analysis  
The static loads under normal operating conditions included the self-weight, hydrostatic 
pressure acting on the upstream and downstream faces of the dam, silt pressure, and uplift 
pressure. The dynamic loads included earthquake loads in the horizontal and vertical 
directions and the hydrodynamic pressure. The acceleration time histories of the design 
earthquake produced from the design response spectra are shown in Fig. 2. The peak 
earthquake accelerations are 0.123g in the horizontal direction and 0.082g in the vertical 
direction, respectively, where g is the gravitational acceleration. The earthquake load was 
input by exerting a uniform inertia force on the dam body (Zhang et al. 2009). The effects of 
hydrodynamic pressure acting on the upstream face of the dam were approximated with the 
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added mass assumption (Westergaard 1933): 
 w h w7( ) 8P h a H H hU                       (3) 
where wP  is the hydrodynamic pressure acting on the upstream face of the dam,  is the 
design earthquake acceleration in the horizontal direction, 
ha
wU  is the density of water, H is 
the water depth, and  is the height above the base of the dam. Although Eq. (3) gives a 
conservative estimate of hydrodynamic pressures (Saleh and Madabhushi 2010), it is 
appropriate from an engineering point of view. 
h
Fig. 2 Acceleration time histories of design earthquake 
All static and dynamic loads mentioned above were applied according to the following 
steps: (1) The self-weight of the foundation was first applied, and the self-weight stress of the 
foundation was taken as the initial stress of the system. (2) The self-weight of the dam was 
applied. (3) The reservoir water pressure acting on the upstream and downstream dam faces, 
silt pressure, and uplift pressure were applied. (4) The hydrodynamic pressure and the 
earthquake load were applied at a fixed time step 't = 0.02 s. 
3.4 Constitutive model and yield criterion of rock mass 
The isotropic, elasto-plastic model with linear softening characteristics was used to 
examine the constitutive relationship of the rock mass materials of the dam foundation. The 
most typical Drucker-Prager (D-P) criterion in geotechnical engineering was used as the yield 
criterion: 
1 2F I JD   k                             (4) 
where is the yield function, and F 1I  and  are the first invariant of the stress tensor and 
the second invariant of the partial stress tensor, respectively. Both 
2J
D  and  are positive 
constants that depend on c and 
k
I  of the materials, and c and I  depend on the correlation 
between the Mises conical surface and the Mohr-Coulomb hex-pyramid surface. Different 
yield criteria can be realized in finite element calculations by modifying the expressions of D
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and k. In this study,D and k were given as follows (Zheng et al. 2009a): 
   
2sin 6 cos,
3 3 sin 3 3 sin
ckI ID I I                         (5) 
4 Result analysis 
4.1 Static strength reduction analysis  
The horizontal displacement and vertical displacement at the dam crest and the plastic 
strain energy of the dam-foundation system varying with the strength reduction factor  are 
shown in Figs. 3 and 4. A coefficient r, which represents the change rate of the displacements 
or plastic strain energy, is defined as follows: 
sK
s
ur
K
' '                               (6) 
where is the displacement or plastic strain energy increment corresponding to the 
increment of the strength reduction factor .
u'
sK'
Fig. 3 Relationship between static displacements at dam crest and strength reduction factor Ks
Fig. 4 Relationship between plastic strain energy and strength reduction factor KsE s
Figs. 3 and 4 and Eq. (6) show that the change rates of the static displacements and the 
plastic strain energy are –12.44 cm, –8.56 cm, and 289.92 MJ, respectively, when the 
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strength reduction factor is increased to , which are greater than those 
for . In other words, the displacements and plastic strain energy of the 
dam-foundation system change dramatically when of the rock mass is increased to 3.25. 
The displacements and plastic strain energy have a similar mutation pattern as the strength 
reduction factor changes. 
s 3.25K  
s 3.25K 
sK
Fig. 3(a) shows that the displacements of the dam are directly related to the shear 
strength parameters of the rock masses of the dam foundation. The foundation rock masses 
of the project (Fig. 1), from upstream to downstream, are the T1f 2-1, T1f 2-2, T1f 2-3, and 
T1yn1-1 layers; the F1 fault; the T1yn1-2 layer; the F2 fault; and the T1yn1-3, T1yn2, and T1yn3-1
layers. The rock masses from the dam heel to the upstream truncated boundary are T1f2-3,
T1f 2-2, and T1f 2-1, respectively, and the strengths of the three types of rock masses are 
generally low (Table 1), especially the T1f2-2 rock mass. With the increase of the strength 
reduction factor, the horizontal displacement components produced by the dam weight 
gradually offset the horizontal displacements generated by the hydrostatic pressure, resulting 
in dam deformation from downstream to upstream, which is different from other projects 
(Zhou et al. 2008; Wang et al. 2009), but the mutation patterns of the displacements and 
plastic strain energy are significant. 
The plastic yield zones of the dam foundation under the static loads at  and
 are shown in Fig. 5. From the progressive failure process, it can be seen that, with 
the decrease of the shear strength of the rock mass, the tension shear failure occurs first in the 
dam heel region, and the failure area is very small. Then, the compression shear failure occurs 
in the dam toe region, and the plastic failure area gradually enlarges, occurring in the F2 fault, 
the T
s 2.0K  
s 3.0K  
1f2-3 and T1yn1-2 rock layers, and the F1 fault, successively. When  is increased to 3.25, 
the plastic yield zones from upstream to downstream are connected completely, and the 
maximum equivalent plastic strain value is 4.685 × 10
sK
-3. When  is increased to 3.45, the 
nonlinear computation has not yet converged, and the dam-foundation system nearly achieves 
its limit bearing capacity.  
sK
Fig. 5 Plastic yield zones under static loads 
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According to the mutation criterion of static displacements and the plastic strain energy 
and the plastic yield zone connection criteria, the safety factor of the dam-foundation system is 
3.25 under static loads, which means that the anti-sliding stability is guaranteed when 
.s 3.25K d
4.2 Dynamic strength reduction analysis 
The elasto-plastic time history analysis of the dam was carried out according to the 
dynamic computational method presented in section 2.1. In order to confirm the accuracy of 
the elasto-plastic time history analysis, the results of dynamic linear elastic analysis and 
elasto-plastic analysis ( ) were compared, as shown in Table 2 and Fig. 6. The 
maximum horizontal displacement , maximum vertical displacement , maximum 
principal tensile stress at the dam heel ı
s 1.0K  
maxyU maxzU
1max, and maximum principal compressive stress at the 
dam toe ı3max obtained by the two analysis methods are very close. Because the nonlinear 
characteristic of the rock mass of the dam foundation was considered, residual deformation 
was produced, and a slight drift in the crest displacements of the dam was observed in 
elasto-plastic analysis, which led to a little difference between the calculation results of the 
two analysis methods. Therefore, the elasto-plastic time history analysis method presented in 
this paper is feasible. 
Table 2 Comparison of liner elastic and elasto-plastic time history analyses
Analysis method maxyU (cm) maxzU (cm) 1maxV (MPa) 3maxV (MPa) 
Linear elastic analysis 6.82 –5.22 0.99 –10.18 
Elasto-plastic analysis 6.89 –5.04 0.85 –10.31 
Fig. 6 Results of liner elastic and elasto-plastic time history analyses 
The peak values of the horizontal displacement and vertical displacement at the dam crest 
and plastic strain energy of the dam-foundation system varying with the strength reduction factor 
are shown in Figs. 7 and 8, respectively. It is shown that the displacements and plastic strain 
energy of the dam-foundation system change suddenly when  is increased to 3.0. The sK
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change rates of the peak values of the dynamic displacements and plastic strain energy are 
–7.51 cm, –6.54 cm, and 435.32 MJ, respectively, at Ks = 3.0, which are greater than those for 
Ks < 3.0. The change patterns of the displacements and plastic strain energy with the strength 
reduction factor are basically the same. 
Fig. 7 Relationship between peak values of dynamic displacements at dam crest and Ks
The horizontal displacement at the dam crest under static loads varying with the strength 
reduction factor is shown in Fig. 3(a). The deformation range of the dam crest in the horizontal 
direction under earthquake loads is –3 to 3 cm (Ren et al. 2009). Under the combined action of 
the static and dynamic loads, the horizontal hydrodynamic pressure and earthquake loads are 
added, so the maximum horizontal displacement at the dam crest is towards downstream, and 
it also has a descending trend. The time history of the horizontal displacement at the dam crest 
with the strength reduction factor is shown in Fig. 9. 
Fig. 8 Relationship between peak value of plastic strain   Fig. 9 Time history of horizontal displacement at 
energy of dam-foundation system andsmaxE sK                dam crest at different sK
The plastic yield zones of the dam foundation under the dynamic loads at  and 
 are shown in Fig. 10. It also can be seen from the progressive failure process that, 
s 2.0K  
s 3.0K  
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with the decrease of the shear strength of the rock mass, tension shear failure occurs first in the 
dam heel region, and the failure area is very small. When the strength reduction factor is 
increased to , the plastic yield zones from upstream to downstream are connected 
completely, and the residual deformation appears at the same time, which is reflected in Fig. 9. 
When the strength reduction factor is increased to , the nonlinear computation does 
not converge in the dynamic steps.  
s 3.0K  
s 3.35K  
Fig. 10 Plastic yield zones under dynamic loads 
According to the dynamic displacement and plastic strain energy mutation criterion and 
the plastic yield zone connection criterion, the safety factor of the dam-foundation system is 
3.0 under the dynamic loads. 
Figs. 5 and 10 also show that the F2 fault almost reaches the maximum value of the 
equivalent plastic strain, which means that it has a significant influence on the anti-sliding 
stability of the overflow dam monolith. The F1 fault has a limited influence because of the 
cutoff trench near the dam heel. Engineering measures could be taken to deal with the F2 fault 
to further improve the safety factor of the dam-foundation system. 
5 Conclusions  
(1) Through the static and dynamic strength reduction analysis and dynamic linear elastic 
analysis of an overflow dam monolith of a high gravity dam, the reliability of elasto-plastic 
time history analysis based on the dynamic strength reduction method is confirmed. The 
results show that the safety factors of the dam-foundation system in the static and dynamic 
cases are 3.25 and 3.0, respectively, and that the F2 fault has a significant influence on the 
anti-sliding stability of the high gravity dam. 
(2) The instability criterion of the dynamic strength reduction method proposed in this 
paper is appropriate for the dynamic analysis, and the dynamic calculation method will 
provide some meaningful suggestions for the dynamic analysis of similar projects. 
(3) For dynamic strength reduction analysis, there is a lack of rational criteria for 
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selecting the dynamic parameters and determining their ranges. Thus, we considered the static 
shear strength parameters as the dynamic shear strength parameters in the present study. The 
experimental study (Li et al. 2008) indicates that the mechanical characteristic and failure 
criterion of the rock mass under the static and dynamic loads are different. Thus, further study 
is needed for rational selection of dynamic parameters. 
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